The plant circadian clock regulates the rhythms of plant metabolism. Many herbivore-induced plant volatiles (HIPVs) fluctuate, diurnally, but the role of the circadian clock in the emission of HIPVs and their ecological consequences remains largely unknown. Here, we show that the timing of herbivore attack can alter the outcome of tri-trophic interactions, and this is mediated by the circadian clock, under both field and glasshouse conditions. Although most HIPV emissions did not have a circadian rhythm, the circadian clock modulated HIPV emissions in a time-dependent manner. HIPVs mediate tri-trophic interactions, and the circadian clock may affect these interactions by modulating HIPV emission in nature.
Summary
The plant circadian clock regulates the rhythms of plant metabolism. Many herbivore-induced plant volatiles (HIPVs) fluctuate, diurnally, but the role of the circadian clock in the emission of HIPVs and their ecological consequences remains largely unknown. Here, we show that the timing of herbivore attack can alter the outcome of tri-trophic interactions, and this is mediated by the circadian clock, under both field and glasshouse conditions. Although most HIPV emissions did not have a circadian rhythm, the circadian clock modulated HIPV emissions in a time-dependent manner. HIPVs mediate tri-trophic interactions, and the circadian clock may affect these interactions by modulating HIPV emission in nature.
In response to herbivory, plants mount tailored defense responses which are strongly regulated by minute amounts of herbivore elicitors (Schuman and Baldwin 2016) . Such inducible responses in plant defense have been reported in more than 100 plant species (Agrawal and Karban 1999) . Among these, herbivore-induced plant volatiles (HIPVs) emitted into the plant environment can play many roles, in nature, and diurnal changes in HIPV emission are commonly reported (Turlings and Erb, 2018) . Moreover, the rhythmicity in HIPV emissions contribute to their function in plant indirect defense (Joo et al. 2018) . However, it is not understood how these diurnal changes in HIPV emission are regulated.
The circadian clock allows plants to anticipate environmental changes and coordinates plant metabolism to synchronize with diurnal and environmental rhythms (Sanchez and Kay 2016).
The circadian clock also contributes to plant defense by regulating constitutive levels of glucosinolates in brassicaceous species (Goodspeed et al. 2013) . However, the effects of the clock on inducible defenses, such as HIPVs, which are strongly regulated by herbivore elicitors, are still largely unknown. Here, we investigate the potential role of the circadian clock in plant indirect defense, mediated by HIPVs in Nicotiana attenuata. First, we asked whether the circadian clock affects tri-trophic interactions, in nature, by quantifying the predation of herbivores from elicited wild-type (WT) and clock-shifted plants. We then quantified differences in HIPV emissions from these plants, under natural conditions. Lastly, we analyzed rhythms of HIPV emission under free-running conditions in order to identify clock-regulated HIPVs.
We used transgenic plants deficient in the expression of specific clock genes (LATELATE ELONGATED HYPOCOTYL, LHY; ZEITLUPE, ZTL; TIMING FOR CAB2 EXPRESSION1, TOC1) which have different endogenous rhythms from WT plants (Yon et al. 2016; Joo et al. 2017) . Since clock components are part of multiple interlocked feedback loops, each clockmodified plant could have a different phenotype; LHY and TOC1 negatively regulate each other's expression, whereas ZTL is part of a protein complex triggering TOC1 degradation (Hsu and Harmer 2014) .
We first hypothesized that indirect defense, mediated by HIPVs, would be less efficient in these clock-shifted plants. To test this hypothesis, we treated plants at dawn and dusk with simulated herbivory (wounding and addition of Manduca sexta regurgitant). Then, we collected plant volatiles every 4 h and glued M. sexta eggs below the damaged leaves to quantify egg predation rates after 48 h ( Figure 1A) . After a dawn elicitation, there were no significant differences between the empty vector control (EV) and clock lines, but fewer eggs were predated from irZTL after the dusk elicitation (p < 0.01, Figure 1B) . Unexpectedly, egg predation rates were much higher after a dusk than a dawn treatment, although the egg predators are day-active.
However, neither irLHY nor irZTL plants experienced higher predation rates following dusk treatment in a field study ( Figure 1C ) and, for irZTL, in a glasshouse study as well (irLHY was not tested in the glasshouse) ( Figure S1 ).
We further analyzed the HIPV emissions from EV and clock-modified plants; in the N. attenuata line we used, these are primarily green leaf volatiles (GLVs) and sesquiterpenes (Joo et al. 2018) . GLV emissions only differed between EV and irLHY after dusk elicitation ( Figure 1D ). The irZTL plants produced lower amounts of sesquiterpenes, after both dawn and dusk elicitation, compared to EV, but irLHY plants produced lower amounts of sesquiterepenes only after the dawn elicitation ( Figure 1E ).
In a previous study, we showed that functions of GLVs and sesquiterpenes are timedependent (Joo et al. 2018 ): GLVs only increase predation rates of herbivores after a dawn elicitation, and herbivore-induced sesquiterpenes after a dusk elicitation. Thus, although irLHY plants emitted less GLVs after the dusk treatment and less sesquiterpenes after the dawn treatment, they emitted similar amounts of GLVs after dawn treatment and of sequiterpenes after dusk treatment, when the production matters most. Consistently, there was no significant difference in egg predation between EV and irLHY. However, irZTL plants emitted less sesquiterpenes after the dusk elicitation, and egg predation rates were lower after dusk elicitation of irZTL plants versus EV controls.
Lastly, we tested whether HIPV emission is regulated by the circadian clock in N. attenuata.
GLVs are only transiently emitted, but many sesquiterpenes show strong diurnal rhythms in the plant headspace (Joo et al. 2018 ). Therefore, we tested for circadian versus diurnal rhythmicity of sesquiterpene emission. To test circadian regulation of HIPVs, two groups of plants were grown under 12 h day/12 h night (LD) and one group was transferred to a continuous light environment (LL) (Figure 2A ). Sesquiterpene HIPVs displayed strong diurnal rhythms, as measured in nature, but lost rhythmicity under LL ( Figure 2B ). Interestingly, the relative abundance of different sesquiterpenes also changed under LL.
In plants, the flux of isoprenoids, to which sesquiterpenes belong, is known to be controlled both by the clock and by light (Dudareva et al. 2005; Pokhilko et al. 2015) . Furthermore, plant volatiles need to cross membranes and the cuticle, or exit through stomata to be emitted, which means the regulation of plant volatile emission can be divided between production and release steps (Cna'ani et al. 2015; Widhalm et al. 2015) . Each step of volatile emission, including stomatal opening and metabolic transport processes, may be differently affected by the circadian clock. Moreover, continuous light treatment is detrimental to plants, which might cause circadian-regulated HIPVs to lose their rhythmicity under continuous light (Nitschke et al. 2016 ).
The circadian clock can affect plant Darwinian fitness by synchronizing plant behaviors with the responses of mutualists (Atamian et al. 2016; Yon et al. 2017) . Here, we identified differential emissions of HIPVs corresponding to the impairment of indirect defense in irZTL plants, after a dusk elicitation, likely due to alterations in sesquiterpene emission. Therefore, we expect that HIPV emissions are regulated by the circadian clock. Our results demonstrate that the rhythmicity of sesquiterpene emission is sensitive to light conditions. The role of the circadian clock in the timely emission of sesquiterpene HIPVs should be tested in further studies. 
SUPPORTING INFORMATION

Method and Materials
Plant material and growth conditions
The wild-type (WT) inbred line of Nicotiana attenuata originated from a collection at the DI ranch in southwestern Utah, USA (Baldwin et al. 1994) , and was inbred for 31 generations. The inverted repeat (ir)LHY, irTOC1, irZTL, and irLOX2/3 (see Figure S1 ) lines were previously 
Simulated herbivory treatment
To simulate herbivory, regurgitant (R) was collected from Manduca sexta larvae. Before use, R was diluted 1:5 with distilled water. For each leaf treatment, 20 µL of 1:5 diluted R was added and gently rubbed into wounds generated using a pattern wheel as previously described (Schittko et al. 2000; Joo et al. 2018 ). 
Quantification of Geocoris spp. predation in nature
Quantification of Geocoris spp. predation in glasshouse
Glasshouse experiments with Geocoris were conducted in a remote glasshouse in Isserstedt, Germany under previously described conditions ( Krügel et al. 2002; Adam et al. 2018 ). Plants were placed inside 45x90x45 cm plastic mesh boxes (BugDorm), ca. 45 cm from each other and at equal distance from the walls. Before the experiment, the curved lips of the pots were cut and the bottom holes of the pot for watering were hidden by tape to prevent Geocoris from hiding and becoming stuck inside these places. Boxes were randomly distributed on benches under lights in a glasshouse. The simulated herbivore treatment was done on 32-day-old plants at duskdusk, when lights shut off in the glasshouse (19:00 EST) and 12 h later, at dawn, when lights were again turned on in the glasshouse (7:00 EST). Each underside of the two induced leaves received 3 frozen eggs (see M. sexta eggs), one on the top right side, the middle left side and the bottom right side. This placement maximized the distance separating the eggs to prevent
Geocoris from finding all the eggs easily by chance. Thus, each box contained 12 eggs, 6 on each plant genotype equally spread over 2 induced leaves per genotype. Immediately after induction, either 5 G. pallens or 5 G. punctipes were gently deposited in the middle of the box.
The Geocoris were left for predation over 48 h. After 24 h and 48 h, the total number of eggs predated or missing was counted on each plant. To calculate total predation after dusk and dawn treatment, the total number of eggs eaten after 48 h after dusk and dawn induction for G. pallens The Geocoris needed to learn to associate HIPVs with prey (the eggs) as parasitoids do (Smid et al. 2007; Hoedjes et al. 2011 ). This study did not aim to record the learning process, but rather on how Geocoris behaved. The Geocoris were thus allowed to associate plant volatiles to prey: In their separate rearing boxes, the two species were each given a WT N. attenuata. To put all Geocoris into contact with both dusk and dawn blends of HIPVs, the plant was induced at dusk (19:00) on the +1, and +3 leaves, and then at dawn (7:00) on the 0 (transition) and +2
leaves. An excess number of eggs (5) was immediately applied to the underside of the induced leaf in equal number on each leaf as the quantity and quality of the food may influence the associative learning. The plant was removed 24 h after the dusk induction so 12 h after the dawn induction. As the HIPVs are not emitted during the night except for the initial release of GLVs (Joo et al. 2018) , we assumed that no HIPVs other than GLVs were produced within the 12 h night following the dusk induction. Thus in total during the training, the Geocoris spent 12 h in contact with both dusk and dawn HIPV blends with the addition of a burst of GLVs at each of the two wounding events. Afterward, Geocoris were starved for 4 days inside this same rearing box. Without this starvation period, the predation rate was too low to draw statistically robust conclusions, and a previous study showed that satiated Geocoris did not choose between blends of volatile organic compounds (Halitschke et al. 2008) . Because of the limited number of
Geocoris, the Geocoris already tested might have been re-used. However, a minimum of 2 weeks separated the two sets of tests and the insects were randomly distributed over the choice boxes.
Thus it is assumed that the first test had no influence on the insect predation during the second test.
Because of insect, space and time limitations, the experiment was divided into 6 blocks. This set up was used for the 6 blocks, assessing Geocoris total predation after dusk and dawn induction, and Geocoris preference over genotypes after dusk and dawn induction.
Rearing of Geocoris spp.
G. pallens and G. punctipes were first collected from Lytle Preserve in the Great Basin Desert of southwestern Utah, USA, then mixed every year together with newly collected Geocoris from the same site. They were kept in 9 L food-quality plastic boxes (Lock&Lock) with two 8 cm² mesh-covered holes in the lid. Boxes were inside a climate chamber with 26°C/16h light (6:00 to 22:00) under fluorescent lamp at 50% power, 22°C/8h dark, and 65% relative humidity. The climate chamber was ventilated by PAPST fans (type 4656N).). Geocoris spp. were fed on a diversified diet necessary for their proper development: M. sexta eggs, Spodoptera exigua eggs (Guénéé, Noctuidae: Ipimorphinae), Nutrimac (sterilized Ephestia kuehniella eggs, Biobest N.
V.), N. attenuata green tissue and seed capsules, and were supplied with water inside Eppendorf tubes with dental cotton rolls as wicks. Inside boxes, Geocoris could hide and lay eggs on paper towels and dry stems of N. attenuata. The Geocoris were brought to the Isserstedt glasshouse described above 6 days before the beginning of each 6 blocks of the experiment.
Sampling and analysis of plant volatiles
Silicon tubing (ST) preparation, volatile sampling from leaves, and TD-GC-MS sample analysis (Shimadzu, Kyoto, Japan) was as previously described (Kallenbach et al. 2014 ) with minor modifications (Joo et al. 2018 ). Due to elevated background volatiles as a result of lower air turnover in climate chambers, headspace volatiles samples for plants under LD versus LL conditions were collected using a previously described push-pull system (Schuman et al. 2014) in which headspaces were sampled for 44 h on Poropak Q filters after treating three leaves per plant with W+R. Filters were exchanged every 4 h and analyzed by GC-MS (Shimadzu, Kyoto, Japan) as previously described (Kallenbach et al. 2014) .
Statistical Analyses
To compare predation rates in different treatments, we conducted Fisher's exact tests. Diurnal rhythms of plant volatiles were analyzed using ANOVAs. Statistical analyses were performed using R version 3.3.1 and RStudio version 0. 99.903 (2015) , with significance set at α = 0.05.
